Introduction {#Sec1}
============

Most people have strong moral beliefs about what is right and wrong. Although the existence of moral values is universal across different cultures and ethnic groups, people vary in their moral development (also called moral reasoning), that is, the ability to analyze complex moral issues^[@CR1]^. Kohlberg's seminal theory^[@CR1]^ is the most influential and widely researched theory of moral reasoning and moral development. Even today more than twenty-five years after Kohlberg's death, there is considerable research conducted using his theory. Much of this influence can be attributed to this theory's central and much-tested assumption that an individual's moral reasoning will predict moral behavior. To capture such individual differences in moral development, Kohlberg's theory^[@CR1]^ classified moral development into three levels: pre-conventional level (motivated by self-interest); conventional level (motivated by maintaining social-order, rules and laws); and post-conventional level (motivated by social contract and universal ethical principles). These three levels of moral reasoning can be objectively assessed by the Defining Issues Test (DIT-2) developed by Rest and colleagues^[@CR2]^ in terms of preferences for specific cognitive schemas (see Material and Methods for a detailed explanation). Based on this theory, the DIT is the most widely used instrument in moral development research^[@CR3]^ and the best documented in terms of reliability and validity^[@CR4]^. A revised version of the DIT, known as the DIT-2^[@CR2]^, makes several improvements, including updating dilemmas and items, constructing a new index (called N2 score which reflects the extent to which a person prefers post-conventional moral thinking), and detecting unreliable participants. In addition, the DIT-2 is highly correlated with the DIT (r = 0.79)^[@CR2]^ and has been used to investigate links with brain structure and function^[@CR5],\ [@CR6]^. However, the underlying reasons why people reach different moral development levels are still unclear. In our current study, we aim to explore the possible neural basis of individual differences in moral development.

At the psychological level, researchers have explored links between moral judgment and decision making^[@CR7]--[@CR10]^. Moral judgment and decision making share several common components, such as value representations and reinforcement learning. Specifically, Cushman (2013) has argued that action-based and outcome-based values are two important representations in a dual-system framework used to understand diverse moral judgments^[@CR10]^. According to this framework, the motivations for moral judgment can be valuing the intrinsic status of actions (e.g., I don't steal bread because theft is wrong) or valuing the expected consequences of actions (e.g., "If I steal bread, it will cause the owner harm"). Previous studies^[@CR11],\ [@CR12]^ have demonstrated that normal controls are able to pair the representations of the transgressive action with the distress cues of the victim (i.e., make reference to another's pain) through classical conditioning. However, psychopaths fail to establish this conditioning to make reference to another's pain, suggesting the important role of value-based reinforcement learning in moral reasoning development in situations such as avoiding outcomes that might hurt others.

Reward motivation is another possible explanation of individual differences in moral development. According to conventional economic theories of decision making, people aim to maximize subjective expected values, but differ with regard to preferences for given options (e.g., taking or avoiding risks)^[@CR13]^. Accumulating evidence also suggests a relationship between moral reasoning and prosocial behaviors oriented towards the common good^[@CR4]^, showing that individuals with high-level moral reasoning are more likely to engage in moral and prosocial behaviors^[@CR14]^, albeit not always^[@CR15]^. Although the mechanisms underlying prosocial behaviors remain controversial, two competing theories exist. One theory suggests that prosocial behaviors, regardless of the presence/absence of social pressure, can be guided by the objective of maximizing the intrinsic value (moral value) placed on social principles (e.g., fairness and cooperation). An alternative theory proposes that any actions of prosociality under social pressure are selfishly motivated to protect one's reputation or avoid others' resentment. According to Kohlberg's moral development theory, individuals who reach the post-conventional level live by their own ethical principle, including basic human rights as life, liberty, and justice. They tend to pursue "the greatest good for the greatest number of people"^[@CR1]^.Thus, it raises the possibility that differences in reward motivation for prosocial behaviors between individuals are associated with different moral development level. It is conceivable that higher level moralists perform prosocial behavioral based on their own ethical principles instead of protecting their reputations or avoiding others' resentment.

At the neural level, both value-based reinforcement learning and prosocial behaviors engage overlapping neural systems with moral judgment. Decades of neuroimaging research have identified multiple brain regions associated with moral judgment, including the dorsolateral prefrontal cortex (DLPFC), ventromedial prefrontal cortex (vmPFC), posterior cingulate cortex, superior temporal cortex, temporal poles, temporoparietal junction, striatum, amygdala, and insula^[@CR16]--[@CR18]^. Furthermore, recent studies have provided evidence that subjective value, in both moral and non-moral contexts, is represented in a domain-general manner, in ventral striatum (VS) and vmPFC^[@CR19]--[@CR22]^. For instance, Shenhav and Greene^[@CR22]^ showed that activations in the VS and vmPFC were correlated with the expected moral value of actions (i.e., the expected number of lives lost/saved) during hypothetical life-and-death moral dilemmas. Most of these regions are also utilized in value-based decision making. Specifically, a "reward-network" composed of the striatum and vmPFC subserves affective/incentive processing of rewards and punishments during decision making^[@CR8],\ [@CR23]--[@CR25]^. Additionally, prosocial behaviors are also mediated by these value-based brain regions. For example, increased activation in the VS and vmPFC has been observed when individuals make charitable donations and altruistic decisions in a similar manner to that observed when individuals receive monetary rewards^[@CR19],\ [@CR26],\ [@CR27]^. Taken together, these findings suggest the involvement of the mesolimbic frontostriatal value-based processing system in moral reasoning. Remarkably, we recently found an association between high-level post-conventional moral reasoning and increased gray matter volume (GMV) in vmPFC/subgenual ACC ﻿(sgACC)^[@CR5]^. This work established a link between moral reasoning and brain structure in the frontostriatal system, suggesting that the frontostriatal network may be one of the key neural bases of individual differences in moral development. Here, we further investigate whether this link extends to the function, in addition to the structure, of the brain's frontostriatal reward system.

To directly test this association, in the present study we examined a sample of 64 Wharton School Master of Business Administration (MBA) students using functional MRI (fMRI) during a resting state without task requirements, as well as during the performance of a monetary risky decision making task. For the resting state, we used arterial spin labeling (ASL) perfusion fMRI to quantify resting neural activity (i.e., cerebral blood flow, CBF) in the absence of task requirements. We hypothesize that individuals with different levels of moral development will show different resting CBF in the frontostriatal system.

For the task state, we used blood oxygen level-dependent (BOLD) fMRI to examine the task-induced brain response during the Balloon Analogue Risk Task (BART)^[@CR28]^. We chose the BART task for several reasons. First, previous studies have consistently shown that the BART task can induce reliable and robust activation in the frontostriatal reward processing system^[@CR28]--[@CR31]^, which is involved in both moral judgment and value-based decision making. Thus, we use the BART task with fMRI to examine whether task-induced brain activation in the frontostriatal reward processing system differs according to moral development levels. Second, the relationship between moral development and risk taking behaviors remains controversial^[@CR32]^. Some studies argue that individuals tend to view risky behaviors (i.e., substance use, suicide, sexual involvement) as a matter of personal choice instead of a moral issue^[@CR33],\ [@CR34]^, and moral reasoning does not consistently predict risky behaviors, such as substance involvement^[@CR35]--[@CR37]^. However, other studies have observed the association between lower moral reasoning and higher drug usage, especially in adolescents^[@CR38],\ [@CR39]^. The BART is able to provide an ecologically valid model for the assessment of risk taking propensity, and performance on the BART has been shown to correlate with real-world risk-taking and impulsive behaviors^[@CR40]--[@CR43]^. Thus we use the BART performance to examine the relationship between moral development and risk taking behaviors. We aim to explore whether moral development will modulate both risk taking behavior and frontostriatal activation during the BART.

Results {#Sec2}
=======

Demographic information and personality traits {#Sec3}
----------------------------------------------

The participants included 38 students who had reached the level of post-conventional moral reasoning (post-con group) and 26 students who were at the pre-conventional or conventional moral reasoning level (pre-con + con group), as defined by the DIT-2. These two groups did not differ in age or gender (p \> 0.9; Table [1](#Tab1){ref-type="table"}). With regard to the five personality dimensions measured by the NEO-PI-R, the post-con group, compared to the pre-con + con group, had higher scores in Openness to Experience (63.84 vs. 54.62, p = 0.001) and lower scores in Neuroticism (48.58 vs. 54.15, p = 0.02).Table 1Demographic information, personality scores, and behavioral performances.VariablesPost-con group (n = 38)Pre-con + con group (n = 26)StatisticsMean (SD)Mean (SD)p-value Gender (N, male/female)21/1714/120.91 Age (years)27.11 (1.67)27.12 (1.63)0.98 DIT-N2 score51.16 (10.56)30.70 (9.89)p \< 0.001Personality traits^1^ Openness63.84 (11.42)54.62 (9.01)0.001 Conscientiousness52.45(9.07)53.04(11.99)0.82 Extraversion53.84(9.54)56.65(14.30)0.35 Agreeableness48.89(11.05)44.65(12.16)0.15 Neuroticism48.58(9.58)54.15(9.57)0.02BART Behavioral data Total trials (number of balloons)26.03 (3.72)26.04 (4.42)0.49 Win trials16.79 (4.77)16.82 (5.54)0.20 Loss trials9.24 (2.95)9.21 (3.57)0.19 Pumps for each balloon7.01 (1.17)6.95 (1.01)0.18Post-con group, post-conventional group; Pre-con + con group, pre-conventional and conventional group; DIT, Defining Issues Test; BART, Balloon Analogue Risk Task.^1^Personality scores were assessed by NEO-PI-R. Two pre-con + con subjects' data were not available due to technical reasons.

Resting neural activity {#Sec4}
-----------------------

Controlling for variables showing significant group differences (i.e., Openness and Neuroticism), the post-con group showed increased CBF in bilateral VS, mainly located in the nucleus accumbens extending to putamen and caudate (peak x, y, z coordinates = \[−16, 8, 8\]; \[16, 6, 8\]), vmPFC extending to subgenual ACC (vmPFC/sgACC; peak x, y, z coordinates = \[10, 24, −8\]), and inferior frontal gyrus adjacent to anterior insula (IFG/AIS; peak x, y, z coordinates = \[−40, 10, 20\]) compared to the pre-con + con group. All these clusters survived at whole brain cluster-level family-wise error (FWE) correction at *p* \< 0.01. These results are illustrated in Fig. [1](#Fig1){ref-type="fig"} and Table [2](#Tab2){ref-type="table"}.Figure 1Differences in resting CBF between the post-con group and the pre-con+con group at whole brain level. The post-con group showed higher CBF values in the bilateral ventral striatum (VS), the ventromedial prefrontal cortex/subgenual anterior cingulate cortex (vmPFC/sgACC), and the inferior frontal gyrus (IFG/AIS) compared to the pre-con+con group. All regions survived whole brain cluster-level FWEcorrection at p \< 0.05. Table 2Brain regions showing increased CBF in the post-con compared to the pre-con + con group.RegionsMNI CoordinatePeak z scoresCluster-level FWE correctedCluster sizeXYZp-valueL. Ventral striatum−16883.540.0012,755R. Ventral striatum16683.490.001R. vmPFC/sgACC1024−83.770.001L. Inferior frontal gyrus/anterior insula−4010203.590.0091,781L, left; R, right; vmPFC/sgACC, ventromedial prefrontal cortex/subgenual anterior cingulate cortex.

Association between resting neural activity and the extent of moral development {#Sec5}
-------------------------------------------------------------------------------

Partial correlation analyses (controlling for Openness and Neuroticism) were conducted to illustrate the association between resting CBF in the VS, vmPFC/sgACC, and IFG/AIS regions and the DIT-2 N2 score, an index describing the extent to which a person exhibits post-conventional moral thinking. For this analysis, functional regions-of-interest (ROIs) for VS, vmPFC/sgACC, and IFG/AIS were derived from the resting CBF analysis described above. DIT-2 N2 scores were positively correlated with resting CBF values in VS (r = 0.386, *p* = 0.005) and vmPFC/sgACC (r = 0.340, *p* = 0.007; Fig. [2](#Fig2){ref-type="fig"}), but not with those of IFG/AIS (*p* \> 0.1). No correlations were observed between resting CBF and the personality variables (Openness and Neuroticism, both *p \> *0.2). To validate the association between DIT-2 N2 scores and resting CBF (i.e., VS and vmPFC/sgACC) in independently defined ROIs, and confirm that these two regions defined by our CBF analysis are consistent with the regions sensitive to reward valuation and subjective value across prior studies, we conducted additional analyses with ROIs defined from a previous meta-analysis study by Bartra *et al*.^[@CR24]^. The additional partial correlation analysis revealed similar results, i.e., that DIT-2 N2 scores were positively correlated with resting CBF values in the VS (r = 0.319, *p \< *0.05, Fig. [2C](#Fig2){ref-type="fig"}) and vmPFC/sgACC (r = 0.263, *p* \< 0.05, Fig. [2D](#Fig2){ref-type="fig"}).Figure 2Association between resting CBF values and DIT-N2 Scores. Resting CBF values in (**A**) ventral striatum and (**B**) ventromedial prefrontal region were positively correlated with DIT-2 N2 scores. The functional ventral striatum (VS) ROI and the ventromedial prefrontal ROI were defined based on the CBF results. Independent ROI analyses revealed similar results that (**C**) VS and (**D**) ventromedial prefrontal regions were positively correlated with DIT-2 N2 scores. The independent VS ROI and ventromedial prefrontal ROI were defined based on previous literature^[@CR24]^. Openness and Neuroticism were controlled in the partial correlation analyses.

Relationship between the vmPFC/sgACC gray matter volume and resting CBF {#Sec6}
-----------------------------------------------------------------------

In our previous study from the same cohort^[@CR5]^, the high-level post-conventional group showed increased gray matter volume (GMV) in vmPFC/sgACC compared to the low-level pre-conventional + conventional group. Given the functional connectivity between the vmPFC and ventral striatum^[@CR44],\ [@CR45]^, we examined if the GMV difference in vmPFC/sgACC influenced brain activation differences between the two DIT groups. Controlling for personality traits and vmPFC/sgACC GMV, DIT group still had a significant main effect on resting CBF in the VS (*t* (59) = 3.33, *p* = 0.001) and the vmPFC/sgACC (*t* (59) = 3.08, *p* = 0.003). No significant correlation was found between vmPFC/sgACC GMV and resting CBF (all ps \> 0.05). These results indicate that the gray matter volume difference between two DIT groups did not influence the resting CBF differences between the two groups.

Behavioral data during the BART {#Sec7}
-------------------------------

The post-con and pre-con + con groups did not differ in BART performance (Table [1](#Tab1){ref-type="table"}, all *ps* \> 0.1). The post-con group and pre-con + con group completed 26.03 ± 3.72 and 26.04 ± 4.42 balloons, respectively. For each balloon, the post-con group inflated 7.01 ± 1.17 times and the pre-con + con group inflated 6.95 ± 1.01 times. Participants showed more win trials than loss trials across both groups: the post-con group won 16.79 ± 4.77 trials and lost 9.24 ± 2.95 trials (*p* \< 0.001); the pre-con + con group won 16.82 ± 5.54 trials and lost 9.21 ± 3.57 trials (*p* \< 0.001). No interactions were observed between DIT groups and outcomes (*p* \> 0.8).

Brain activations associated with risk level during the BART {#Sec8}
------------------------------------------------------------

The level of risk during the BART increases with the number of balloon inflations. That is, while the first inflation of a balloon has the smallest risk of explosion, each additional balloon inflation increases the probability of the balloon popping. To explore the neural correlates associated with risk perception, we analyzed brain activation that co-varied with the gradually increasing level of risk during the BART (i.e., each balloon pump). As mentioned before, we were primarily interested in the relationship between VS and vmPFC function and moral reasoning and thus we focused on activations in these two regions. Using the MarsBaR toolbox (http://marsbar.sourceforge.net/), we calculated parametric estimate values in response to each risk level in the VS and vmPFC/sgACC ROIs defined from the above CBF comparisons. As illustrated in Fig. [3A](#Fig3){ref-type="fig"}, compared to the pre-con + con group, the post-con group showed higher activation over all risk levels (range 1 to 9). A repeated measures ANOVA (2 DIT groups and 9 risk levels) revealed a significant main effect of DIT group, indicating increased activity in VS (*F* = 5.492, *p* = 0.018) in the post-con group, and a significant main effect of risk level (*F* = 15.818, *p* \< 0.001), indicating greater VS activity associated with the higher risk level. No interaction effect was found between DIT group and risk level (*p* \> 0.3). In contrast to the VS, the vmPFC/sgACC did not show any activation differences between the two groups (*p \> *0.05).Figure 3Ventral striatal activation associated with gradually increased risk level in both groups during the BART. (**A**) The functional ventral striatum (VS) ROI was defined based on the CBF results and used to extract VS activation associated with the 9 risk levels. Both groups showed increased brain activation in VS associated with higher risk levels. The post-con group consistently had greater activation across all risk levels (range 1 to 9) compared to the pre-con+con group, and a repeated measures ANOVA revealed a significant main effect between the two groups (F = 5.492, p = 0.018). (**B**) The independent VS ROI was defined based on previous literature^[@CR24]^ and used for an additional ROI analysis. This additional analysis revealed similar results. A repeated measures ANOVA revealed a significant main effect between the two groups (F = 5.371, p = 0.024).

To confirm our findings, we performed an additional analysis using the VS ROI previously identified as sensitive to reward valuation and subjective value in a meta-analysis study by Bartra *et al*.^[@CR24]^. This additional analysis revealed similar results. As illustrated in Fig. [3B](#Fig3){ref-type="fig"}, both DIT groups showed activation in the independent VS ROI associated with higher risk levels. Compared to the pre-con + con group, the post-con group showed higher activation across all risk levels (range 1 to 9). Consistent with this, a repeated measures ANOVA (2 DIT groups and 9 risk levels) revealed a significant main effect of the DIT group (*F* = 5.371, *p* = 0.024), and a significant main effect of the risk level (*F* = 19.575, *p* \< 0.001). No interaction effect was found between the DIT group and the risk level (*p* \> 0.5).

As seen in Fig. [3](#Fig3){ref-type="fig"}, although the post-con group showed greater BART VS activation relative to the pre-con + con group, the patterns of activation as a function of risk level (range 1 to 9) are very similar across the two groups. That is, if the degree of differences in BOLD responses amplitudes (beta weights of GLM fit) between the two groups is parallel across the entire risk level, BOLD responses between the two groups would be expected to be highly correlated. Consistent with this expectation, an additional correlation test revealed that the VS responses in the post-con group were strongly and linearly correlated with those of the pre-con + con group (Figure [S1](#MOESM1){ref-type="media"}). In other words, although BOLD response level in the VS differed between the two groups, changes of activation in response to the increasing level of risk were similar. These findings suggest that the increased VS activation in the post-con group during the BART is likely to be intrinsic rather than specific to a certain risk level.

Relationship between the vmPFC/sgACC gray matter volume and BART activation {#Sec9}
---------------------------------------------------------------------------

Similar to the CBF analysis, we also examined if the GMV difference in vmPFC/sgACC influenced risk level-associated brain activation differences between the two DIT groups. Controlling for personality traits and vmPFC/sgACC GMV, DIT group still had a significant main effect on BOLD activation (average of brain activations associated to all 9 risk levels) in the VS (*t* (59) = 2.71, *p* = 0.009), while we found no such significant main effect of DIT group for the BOLD activation in the vmPFC/sgACC (*t* (59) = 0.91, *p* \> 0.05). No significant correlations were found between vmPFC/sgACC GMV and BOLD activation levels during the BART (all ps \> 0.05). These results indicate that the gray matter volume difference between two DIT groups did not influence the BART activation differences between the two DIT groups.

Whole brain activations during the BART and overlaps with the CBF findings {#Sec10}
--------------------------------------------------------------------------

For exploratory purposes to confirm that the BART induced reliable activations in the mesolimbic reward system, we additionally examined whole brain activation patterns in response to the overall risk level for both groups. We observed very similar brain activation patterns across groups (Figure [S2](#MOESM1){ref-type="media"}). Consistent with previous studies^[@CR28],\ [@CR29]^, in both groups increasing risk level was associated with an increase in the activation of mesolimbic frontostriatal regions, including the striatum, vmPFC/sgACC, and midbrain, as well as increased activation in anterior insula, DLPFC, and visual areas. However, direct comparisons between the two DIT groups revealed no activation differences. Additionally, we examined the overlap of VS activation across resting CBF and BOLD activation in the BART. Results showed that the VS region showing CBF differences (Post-con vs. Pre-con + con) overlapped substantially with the VS region showing activation in the post-conventional group and pre-conventional + conventional group during the BART (Figure [S3](#MOESM1){ref-type="media"}).

Discussion {#Sec11}
==========

The present study characterized differences in resting and task-evoked brain activity associated with different levels of moral reasoning. Significant brain activity differences were observed between individuals at high-level post-conventional moral reasoning and individuals at the pre-conventional and conventional level of moral reasoning. Specifically, using ASL fMRI to quantify regional brain function at rest, we found greater activity in the VS and vmPFC/sgACC in the post-con group compared to the pre-con + con group, and a positive correlation between the activity in these two regions and the degree of post-conventional reasoning (DIT-N2 Scores) across groups. Using BOLD fMRI during the BART to examine evoked brain activity accompanying decision making under increasing risk, we also found greater activity in the VS in the post-con compared to the pre-con + con group. Our results provide converging evidence that individuals at a higher level of moral reasoning are characterized by increased activation in the mesolimbic frontostriatal system, in particular in value-related reward-processing regions (VS and vmPFC). According to previous studies, the VS is a key region in the mesolimbic frontostriatal reward processing system and plays an important role in value-based decision making, reinforcement learning, and affective processing (i.e., processing for reward and punishment)^[@CR24],\ [@CR46]--[@CR49]^. It has been demonstrated that increased VS activation is linked to reward anticipation and evaluation^[@CR21],\ [@CR46],\ [@CR48]^.

The vmPFC also plays an important role in reward processing, responding to various hedonic stimuli, reinforcement, and reward preferences^[@CR50]--[@CR52]^. Subjective valuation of reward-related stimuli is an important factor that activates both VS and vmPFC regions. Taken together, these findings extend our prior work showing a link between moral reasoning and gray matter structural volume in vmPFC/sgACC^[@CR5]^ by demonstrating increased neural activity in these regions, both at rest and during a decision making task. Although these results are exploratory, they provide new insights into the potential neural basis and underlying psychological processing mechanism of individual differences in moral development.

As we mentioned before, value representations and reinforcement learning are shared components of moral judgment and decision making. Cushman's dual-system approach which emphasizes valuation of actions versus valuation of outcomes provides a useful framework to understand diverse moral judgment and decision making^[@CR10]^. From Cushman's dual-system framework perspective (action-based value and outcome-based value) of moral judgment, activation differences in the VS and vmPFC/sgACC between the two DIT groups may reflect the potential importance of outcome valuation in moral reasoning development because the VS and vmPFC are more involved in outcome-based rather than action-based valuation in this framework. This is in line with Kohlberg's theory that higher levels of reasoning do tend to focus on outcomes (i.e., the greatest good for the greatest number of people) rather than actions (i.e., this action is forbidden or permitted)^[@CR1]^.

Additionally, based on the link between prosocial behaviors and high-level moral development^[@CR4],\ [@CR14]^, differences in prosocial motivation might be another important explanation for the link between brain activations and individual differences in moral development. Functional neuroimaging studies have consistently demonstrated the involvement of the VS and the vmPFC in both moral judgment^[@CR16],\ [@CR22]^ and prosocial behaviors such as charity and philanthropic activity^[@CR19],\ [@CR26],\ [@CR27]^. Therefore, the current findings of the activation differences in the VS and vmPFC between two DIT groups may raise the potential importance of positive motivations towards others in moral reasoning development, rather than inhibition or selfish motives. Again, this is in line with Kohlberg's theory that higher levels of moral reasoning tend to be promotion/other-focused (i.e., do it because it is right) rather than prevention/self-focused (i.e., do not do it because it is wrong).

There are other possible explanations for the links we observed, given that the vmPFC is involved in not only valuation but also affect regulation and social cognition (i.e., inferring others' mental states and empathy for others)^[@CR53]^. Thus, increased vmPFC/sgACC activity in the post-con group may be related to the ability to regulate emotional conflicts elicited by moral dilemmas or to the ability to infer others' mental states (e.g., theory of mind and empathy). Notably, the AIS represents one's own and others' emotional states^[@CR54]^ as well as being associated with aversion and harm-avoidance^[@CR55],\ [@CR56]^. Thus, the link between moral reasoning and IFG/AIS activity also points to a possible explanation in terms of sensitivity to aversion to harming others or empathic feelings to others.

In addition, a number of clinical studies have provided evidence that impairments in the brain's reward system are associated with poor decision making, lack of empathy, and social inappropriateness. First, individuals with antisocial personality disorder and psychopaths, who are characterized by lower levels of moral reasoning than normal controls^[@CR12]^, show structural and functional alterations in the VS^[@CR57]^ and the vmPFC^[@CR58]^. Psychopaths also exhibited reduced vmPFC activity during moral decision making^[@CR57]^. Antisocial individuals also showed impaired VS activity in response to reward^[@CR57],\ [@CR59]^. Specifically, Gatzke-Kopp and colleagues^[@CR59]^ found that normal controls had increased VS activity only during reward trials, while antisocial individuals with externalizing behavior disorders showed increased VS activity during both reward and non-rewarding trials, suggesting that antisocial individuals may be impaired in processing the omission of reward. Second, our previous findings regarding impulse control disorders (ICDs) in Parkinson's Disease (PD) support the notion that the change in VS activation may underlie behavioral changes^[@CR29]^. Dopaminergic therapy to treat PD can cause ICDs such as pathological gambling, excessive spending, and hypersexuality. Compared to PD patients without ICDs, PD patients with ICDs had significantly reduced activity in the VS during resting state and the BART, suggesting that abnormal behaviors observed in patients may result from diminished VS activity following dopamine treatment^[@CR29]^. Taken together, all of the above-mentioned results have demonstrated that dysfunction of the VS and vmPFC are often linked to impulsivity and immoral behavior, which further supports our claim that the function differences in the VS and vmPFC regions are associated with the different levels of moral reasoning development.

We did not find any differences in risk taking on the BART between individuals at high-level post-conventional moral reasoning and individuals at the pre-conventional and conventional level of moral reasoning. This is consistent with the idea that people may view risky behaviors as a matter of personal choice instead of a moral issue^[@CR33],\ [@CR34]^, and that moral reasoning does not consistently predict risky behaviors^[@CR35]--[@CR37]^. However, at the neural response level, we do see that the post-conventional group was associated with higher VS activation during risky decision making. As this association was observed across all risk levels, it likely reflects intrinsic VS function rather than a VS response specific to risk.

We observed considerable individual differences in moral development levels in this relatively homogeneous and well-educated MBA group of subjects. It will be of great interest for future studies to know to what extent our DIT group differences depend on learned or in-born differences and to better understand why individuals with similar education may differ in their level of moral reasoning. Although the current results do not speak to this issue, we believe that both nurture (e.g., education, parental socialization, life experience etc.) and nature (e.g., biological or evolutionary basis, the innate capacities of the mind, the genetic basis, etc.) contribute to individual differences in moral development^[@CR60]^. However, as a result of the correlative nature of this cross-sectional study, it is unclear whether brain function differences between the two groups are the cause or the result of differential levels of moral reasoning. Our study only documents differences in brain activation patterns associated with higher and lower levels of moral reasoning, but cannot explain the origin of those differences. Future research is needed to isolate the most formative socialization and educational experiences having an impact on moral development.

This study has some limitations which need to be addressed in future work. First, although other studies have demonstrated the predictive validity of the DIT for prosocial behaviors^[@CR4],\ [@CR14]^, we did not explicitly test whether post-conventional moral reasoning is associated with moral and prosocial behavior in our study. Future studies could also investigate the link between the neural correlates identified here and actual moral/prosocial behavior using moral reasoning or moral decision making tasks. Second, although our sample is relatively homogeneous in terms of age and level of education since these variables affect moral reasoning^[@CR2],\ [@CR61]^, unfortunately, we were not able to collect further education background information from our participants. For future research, it would be beneficial to know if individuals' previous education background has any influence on their moral development. Third, previous studies have suggested that neural responsiveness in the VS and vmPFC may be modulated by mood states^[@CR62]^. Although we did not assess participants' mood states, this should be examined in further research. Fourth, we used the online version of the DIT-2^[@CR63]^ to assess participants' moral reasoning level. However, level of moral reasoning can also be defined according to other metrics, such as the prosocial moral reasoning objective measure (PROM), which is similar to the DIT-2, but centered on a caring or prosocial perspective rather than on a justice- or prohibition-oriented perspective^[@CR64]^. Future studies could also characterize moral reasoning using this measure. In addition, although some evidence suggests that resting CBF measured by ASL fMRI primarily reflects trait-like brain function^[@CR65]^, longitudinal studies are needed to determine the stability of CBF in the brain reward system. Finally, recent studies suggested that the VS may not be homogenous and subregions of the VS may play differential roles in reward learning and motivation^[@CR66]--[@CR68]^. Specifically, in the VS core, dopamine dynamics are consistent with learning-based theories (such as reward prediction error), whereas in the VS shell, dopamine dynamics are consistent with motivation-based theories (e.g., incentive salience)^[@CR66]^. However, the limited spatial resolution of ASL and BOLD fMRI in this study does not allow us to localize the CBF and BOLD activation differences to more specific subregions of the VS, and it is unknown whether the observed differential VS activity between the two DIT groups reflects learning-based or motivation-based differences in moral reasoning development. Future imaging studies with much higher spatial resolution are needed to address this question.

In summary, we combined ASL perfusion and BOLD fMRI and examined both resting and task-induced brain activity associated with post-conventional moral reasoning in a relatively homogeneous cohort of 64 Wharton School MBA students. Individuals who reached the post-conventional moral reasoning level have increased resting CBF and task-induced activation in the VS and vmPFC/sgACC, which are key regions related to decision making and reward processing. This suggests that high-level moral reasoning is associated with increased activity in the frontostriatal system, both in task-dependent or task-independent states. These findings support the view that the development of morality is associated with measurable aspects of human brain function.

Materials and Methods {#Sec12}
=====================

Participants {#Sec13}
------------

Sixty-four participants (35 males, average age = 27.11 ± 1.64) were involved in this study. These participants were selected from an overall sample of 730 students enrolled in a two-year Master of Business Administration (MBA) program based on their moral reasoning ability and are the same as those in our previous studies^[@CR5],\ [@CR69]^. All subjects completed an online version of the Defining Issues Test (DIT-2; refs [@CR2], [@CR63]) and the Revised NEO Personality Inventory (NEO PI-R; ref. [@CR70]). The NEO PI-R, consisting of a 240 item questionnaire, was used to assess the Big Five personality traits: Openness to Experience, Conscientiousness, Extraversion, Agreeableness, and Neuroticism. For technical reasons, NEO PI-R data from two subjects were not available. Using the DIT-2, participants were stratified into two groups (see below): the post-conventional moral reasoning group (the post-con group) versus the pre-conventional and conventional group (the pre-con + con group). No subjects reported a history of head trauma or current psychiatric diagnosis, and subjects were free from any medications, including stimulant or serotonergic medications which can impact brain activation. Table [1](#Tab1){ref-type="table"} summarizes participants' demographic information and behavioral performance on the BART. All study procedures adhered to the Declaration of Helsinki and were approved by the University of Pennsylvania Institutional Review Board (IRB). All subjects provided written informed IRB approved consent prior to participating in study procedures.

Defining Issues Test, version 2 (DIT-2) {#Sec14}
---------------------------------------

The online version of the DIT-2 measures the current level of moral reasoning for each participant^[@CR2],\ [@CR63]^. In this test, participants are required to read complex moral dilemmas (e.g., medically assisted suicide; <http://ethicaldevelopment.ua.edu/dit-dilemmas/>) and evaluate the relevance of different arguments to each dilemma. Based on cognitive schema preference, each participant can be assigned to a specific type level: Type 1---consolidated personal interests schema, Type 2---transitional personal interests schema, Type 3---transitional maintaining norms schema (personal interests schema is secondary), Type 4---consolidated maintaining norms schema, Type 5---transitional maintaining norms schema (post-conventional schema is secondary), Type 6---transitional post-conventional schema, and Type 7---consolidated post-conventional schema. In addition to the schema type, the DIT-2 provides a metric score (among other scores) reflecting the extent to which a person prefers post-conventional moral thinking (N2 score).

In this study, participants' responses were scored by the Center for the Study of Ethical Development at the University of Alabama (http://ethicaldevelopment.ua.edu/), the publisher of the DIT-2. We divided participants into two levels based on the above-mentioned schema preferences: participants with post-conventional schema preference (Types 6 and 7) versus participants with personal interest and maintaining norms schemas preference (Types 1 to 5).

Image data acquisition {#Sec15}
----------------------

All images were acquired on a Siemens 3.0 T Trio whole-body scanner (Siemens AG, Erlangen, Germany). ASL perfusion images were acquired using a pseudo continuous ASL (pCASL) sequence with a standard transmit/receive head coil for perfusion fMRI scans^[@CR71]^. During the resting scan, participants were instructed to keep eyes open, and look at the fixation in the center of the screen. Acquisition parameters were as follows: repetition time (TR) = 4 s, echo time (TE) = 17 ms, labeling time = 1.5 s, delay time = 1.0 s, flip angle (FA) = 90°, field of view (FOV) = 220 × 220 mm, matrix = 64 × 64, slice thickness = 6 mm, inter-slice gap = 1.5 mm, and 4 minutes with 60 acquisitions. A standard echo-planar imaging (EPI) sequence was used to acquire BOLD fMRI data while participants performed the BART (TR = 1.5 s, TE = 24 ms, FOV = 220 × 220 mm, matrix = 64 × 64, 25 interleaved axial slices with 5 mm thickness, and 240 acquisitions). High-resolution anatomic images were also obtained using a standard 3D Magnetization Prepared Rapid Acquisition Gradient Echo (MPRAGE) sequence (TR = 1620 msec, TE = 3 msec, FA = 15°, 160 contiguous slices, voxel size = 1 × 1 × 1 mm).

ASL resting CBF analysis {#Sec16}
------------------------

Data analysis was performed using SPM8 (www.fil.ion.ucl.ac.uk/spm/) and ASL Data Processing Toolbox, ASLtbx (<https://cfn.upenn.edu/perfusion/software.htm>)^[@CR72]^. For each subject, functional images were realigned to correct for head motion and coregistered with the anatomical image. Perfusion weighted image series were then generated by pairwise subtraction of the label and control images, followed by conversion to absolute CBF image series based on a single compartment continuous arterial spin labeling (CASL) perfusion model^[@CR73]^. For each subject, one mean resting CBF image was generated, normalized to the Montreal Neurological Institute (MNI) template, smoothed, and then entered into the whole brain voxel-wise analysis using a general linear model (GLM). A two-sample t-test was conducted to examine the CBF difference between the two groups at whole-brain level. Openness and Neuroticism were included in the GLM as nuisance covariates. Statistical significance threshold was set at cluster-level FWE-corrected *p* \< 0.01 (cluster size \>100) and at voxel-level uncorrected *p* \< 0.005. For subsequent analysis, functional ROIs (including VS, vmPFC/sgACC, and IFG/AIS) were defined by setting a voxel-level uncorrected *p* \< 0.001 and cluster size \>50 to separate as single clusters. Then, partial correlation analysis (controlling for Openess and Neuroticism) was performed to test the association between individuals' DIT-N2 scores and regional CBF values in three functional ROIs (VS, vmPFC/sgACC, and IFG/AIS) mentioned above based on our hypotheses. The distributions of these variables were confirmed to be normally distributed based on the Kolmogorov-Smirnov and Shapiro-Wik tests (all *p* \> 0.1) using SPSS 22.

BART and BOLD fMRI analysis {#Sec17}
---------------------------

The BART was used to measure brain activation during risky decision making. The BART task and detailed fMRI analysis are described in Supplementary Materials. The balloon stimuli were categorized based on parametric risk level associated with the number of balloon inflations. The maximum balloon inflations per trial was 9 across all participants; therefore, 9 contrasts were established in the GLM model -- BOLD values associated with each risk level (i.e., each inflation pump, 1--9) were calculated from the first to the ninth inflation. Using MarsBaR toolbox (<http://marsbar.sourceforge.net/>), parametric estimate values at each risk level were extracted from the same VS and vmPFC/sgACC functional ROIs defined from resting CBF analysis, which were described above. To further confirm our current finding, additional analyses were conducted using an a priori ROI identified by a previous meta-analysis of subjective value^[@CR24]^.
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